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VENTURI SCALING STUDIES ON THERMODYNAMIC EFFECTS 
OF DEVELOPED CAVITATION OF FREON-114 
by Royce D. Moore and Robert S. Ruggeri 
Lewis Research Center 

SUMMARY 

Well -developed cavitation of Freon- 114 (dichlorotetrafluorethane) was induced on the 
walls of a venturi in a recirculating hydrodynamic tunnel. The venturi, which had a 
throat diameter of 0. 976 inch (2. 48 cm), was a 0. 7 scale of one previously tested. The 
approach velocity was varied from 20 to 50 feet per second (6. 1 to 15. 2 m/sec) at con- 
trolled liquid temperatures from 0° to 86° F (255. 4° to 303. 2° K). Pressures and tem- 
peratures were measured in the cavitated region and compared with the results of the 
1. 0-scale venturi. For geometrically similar cavities and fixed flow velocity, the mea- 
sured cavity pressure and temperature depressions below free -stream values of vapor 
pressure and temperature were nearly the same for both the 0. 7- and 1. 0-scale venturis. 
Cavity pressure and temperature depression trends with liquid temperature and velocity 
were also similar in the 0. 7-scale venturi as in the 1. 0-scale venturi. A previously de- 
rived method for predicting the thermodynamic effects of cavitation is extended to include 
the effect of scale. Similarity parameters for developed cavitation were evaluated by 
using the minimum cavity pressure as a reference rather than the free-stream vapor 
pressure. The cavitation parameter was shown to be nearly the same value for both the 
0. 7- and 1. 0- scaled venturis. 


INTRODUCTION 

The high-performance propellant pumps used in rocket engines generally employ an 
inducer stage ahead of the main rotor. The inducer is capable of operating with cavi- 
tation present on the suction surface of the blades. However, the physical properties of 
the liquid being pumped have pronounced effects on the cavitation performance. A pump 
operated under cavitating conditions in liquid hydrogen, butane, methyl alcohol, Freon, 
and hot water, for example, will have better cavitation performance (lower net positive 


suction head (NPSH) requirements) than when operated in cold water (refs. 1 to 5). This 
improvement in cavitation performance has been attributed to the thermodynamic effects 
of cavitation resulting from the varying degrees of evaporative cooling. This cooling 
lowers the vapor pressure in the cavity which then lowers, by the same amount, the NPSH 
requirements for a given performance level. 

In order to determine the magnitude of these thermodynamic effects of cavitation, it 
is necessary to measure the pressures and temperatures within the cavitated region. To 
simplify the instrumentation and for easier study, nonrotating flow devices such as ven- 
turis can be used to learn more about flow conditions in pumps. Cavitation studies in a 
venturi (refs. 6 and 7), in which pressures and temperatures within cavitated regions 
were measured directly, show that the thermodynamic effects of cavitation can be predict- 
ed for a given venturi for a range of flow velocity, liquid, or liquid temperature. This 
prediction method requires measurement of cavity pressure at one operating point. The 
prediction method determined from the venturi studies has been successfully applied in 
reference 2 to the prediction of pump cavitation performance. Reference values of cav- 
itation performance must be established from experiment for the pump of interest. 

Because of the cost of facilities and propellants to test the large full -scale propellant 
pumps, it would be desirable to use more economical test procedures such as scale 
models, reduced speed, or inexpensive test fluids in order to predict the cavitation per- 
formance of the large propellant pumps. As previously indicated, the prediction method 
of reference 2 accounts for speed and liquid variations, but does not account for scale 
effects. 

The purpose of this investigation was to evaluate the effect of scale on the thermo- 
dynamic effects of cavitation. A 0. 7-scale model of the venturi used in previous studies 
(refs. 6 to 10) was used as the test section. Pressures and temperatures were measured 
within cavitated regions and these measurements were compared with the results obtained 
for the full-size venturi. The previously derived prediction method of reference 6 is ex- 
tended to include the effect of scale on the thermodynamic effects of cavitation. Freon- 114 
(dichlorotetrafluoroethane) was used as the test fluid. The 0. 7-scaled venturi had a 
0. 976-inch (2. 48-cm) diameter throat. The flow velocity in the venturi approach section 
was varied from 20 to 50 feet per second (6. 1 to 15. 2 m/ sec) at controlled temperatures 
from 0° to 86° F (255. 4° to 303. 2° K). The study was conducted at NASA Lewis Research 
Center. 

APPARATUS 

Facility 

The facility used in the present study is the same as that described in detail in ref- 
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erences 7 and 10. Briefly, it consists of a small recirculating hydrodynamic tunnel with 
a capacity of 10 gallons (37. 85 liters). The tunnel was designed to circulate various 
liquids by means of a centrifugal pump. Static -pressure level in the tunnel was varied by 
gas pressurization of the ullage space above a butyl rubber diaphragm in the tunnel ex- 
pansion chamber. The entire tunnel loop was submerged in a bath of ethylene glycol - 
water mixture which was used to control tunnel liquid temperature. This bath mixture 
exchanged heat with a sump-mounted, single-tube coil, which carried either low- 
pressure steam or cold nitrogen gas. 


Venturi Test Section 


The transparent -plastic venturi test section (fig. 


1) is a 0. 7-scale model of the one 
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Figure 1. - Schematic drawing of venturi test section. 
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Figure 2. - Contour of quarter-round section of 0. 7 scale venturi. 

used in previous cavitation studies (refs. 6 to 10). The venturi incorporates a quarter - 
round to provide the transition from the approach section to a constant -diameter throat 
section. A comparison of the finished contour and the design radius of curvature of the 
quarter -round section is presented in figure 2. 

The venturi used in the present study will be called the 0. 7-scale venturi. The ven- 
turi of references 6 to 10 will be called the 1. 0-scale venturi. 

A greater difference in scale would have been desirable, but the flow capacity of the 
facility and instrumentation size limited the scale factor to 0. 7. TheO. 7-diameter ratio, 
however, results in one-half the flow area of the 1. 0-scale venturi. 

Instrumentation 

For velocity determination, static pressures were measured across the tunnel con- 
traction nozzle (not shown herein, see ref. 10) just upstream of the test section. This 
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velocity was then corrected using continuity for flow area changes between nozzle exit 

and approach section. Contraction nozzle pressures and those from tap 1 in figure 1 

2 

were measured by calibrated precision gauges (accuracy, ±0. 15 psi (±0. 1 N/cra )). The 
six pressure taps, used to measure pressures within the cavity, were connected to a 
4-foot-high (1. 2 m) multiple -tube mercury manometer. All pressure lines were arranged 
in a horizontal plane on the venturi centerline before leaving the tunnel bath wall to min- 
imize hydrostatic head corrections. 

The liquid temperature was measured by means of a calibrated copper-constantan 
thermocouple mounted on the tunnel centerline approximately 14. 5 inches (36. 83 cm) up- 
stream of tap 1. Four thermocouples were mounted to coincide with the venturi wall con- 
tour, but they did not contact the wall. The calibrated copper-constantan thermocouple 
circuit was designed to measure the temperature difference between a venturi innerwall 
location and the upstream liquid reference. The temperature differences were measured 
with an accuracy of ±0. 05° F (±0. 03° K) and tunnel liquid temperature level with an accur- 
acy of ±0. 2° F (±0. 1° K). 

Cavitation was photographed by a 4- by 5-inch (10. 2- by 12. 7-cm) still camera with 
a 0. 5-microsecond high -intensity flash unit. 


PROCEDURE 
Test Liquid 

A commercial grade of Freon- 114 was used as the test liquid. It is a clear, colorless 
liquid with a normal boiling point of 38. 8° F (277. 0° K). The physical properties of 
Freon-114 used herein were obtained from references 11 to 13. 

The tunnel was evacuated and cooled to below 38° F (276. 5° K) before filling with 
Freon-114. Freon-114 was transferred directly to the tunnel from the shipping cylinder. 
The manufacturer specifies a noncondensable gas content (assumed to be air) less than 
20 parts per million (mg air/kg liquid). Air-saturated Freon-114 at a total pressure of 
1 atmosphere (10. 1 N/ cm^) contains about 140 parts per million at 32° F (273. 2° K) and 
about 1000 parts per million at 0° F (255. 4° K). 


Facility Operation and Measurement Techniques 

To minimize air contamination of the tunnel liquid, all pressure lines and manometer 
tubes were evacuated before the tunnel was filled. The valves between the venturi and 
manometer were closed after this evacuation. For the pressure measurements within a 
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cavitated region, a manometer tube was opened only after cavitation was developed over 
the corresponding pressure tap. Downstream taps were similarly activated as the cavity 
length was increased. In this way, no liquid Freon-114 was permitted to reach the mano- 
meter tubes; therefore, no hydrostatic head corrections to the manometer readings were 
needed. 

At the desired pump speed and tunnel liquid temperature, the free -stream static 
pressure was decreased to form a cavity of nominally fixed length. Pressures and tem- 
peratures within the cavitated region we~e then measured. The tunnel liquid temperature 
varied less than ±0. 2° F (±0. 1° K) for a given test point. Four different cavity lengths 
were generated at each of the several pump speeds and liquid temperatures. Nominal 
cavity lengths of 0. 3, 0. 7, 1. 6, and 3. 0 inches (0. 8, 1. 8, 4. 1, and 7. 6 cm) were selected 
because they approximate 0. 7 the cavity lengths used in the 1. 0-scale venturi studies 
(ref. 6). Each successive increase in cavity length allowed additional pressure tap and 
thermocouple locations to be included within the cavity. For a fixed pump speed, the 
free-stream velocity decreased with increased cavity length because of increased total 
head losses. 


RESULTS AND DISCUSSION 

The experimental Freon-114 results in the 0. 7 -scale venturi are presented first, 
followed by a comparison of the experimental results for both the 0. 7- and 1. 0-scale ven- 
turis. Finally, experimental results are compared with a prediction method which is 
extended herein to include the effect of scale on the thermodynamic effects of cavitation. 


Results from 0. 7-Scale Venturi Tests 

Wall pressure di stribution. - The 0. 7-scale venturi incorporates an essentially true 
circular arc as a convergence section, whereas the previously studied 1. 0-scale venturi 
contained a slightly modified circular arc. Because the thermodynamic effects of cavi- 
tation were shown in reference 11 to be, in some manner, dependent on the wall pressure 
distribtuion and because wall pressure distribution is, in turn, dependent on wall contour, 
the pressure distribution was experimentally determined for both the 0. 7-scale venturi 
(true quarter round) and the 1. 0-scale venturi (modified quarter round). The pressure 
distributions were not measurably different. The pressure coefficient Cp for the 0.7- 
scale venturi is plotted in figure 3 as a function of axial distance from the minimum pres- 
sure location. The data were obtained from both hydrodynamic measurements using 
Freon-114 and from aerodynamic studies with a 6. 5-scale model, which was large enough 
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Figure 3. - Wall pressure distribution for the 0. 7-scale 
venturi. Minimum pressure location at axial dis- 
tance from venturi inlet, 3. 065 inch (7. 79 cm). 


to incorporate several pressure taps on the quarter -round section. These aerodynamic 
data had been previously obtained in support of the venturi studies of references 6 to 10. 

Appearance of developed cavitation . - Photographs of typical 0. 7- and 1. 6 -inch (1.8- 
and 4. 1-cm) cavities are shown in figure 4. For the range of conditions studied, a change 
in free-stream temperature or velocity did not change the appearance of fixed-length 
Freon-114 cavitation. The cavitation is composed of many individual vapor streamers 
around the periphery of the venturi that merge within a few tenths of an inch downstream 
from the leading edge of the cavity to form a thin annulus of frothy and turbulent vapor - 
droplet mixture adjacent to the wall. The leading edges of these streamers remained 
fixed at or near the minimum pressure location. Within the venturi throat, the nominal 
thickness of the cavitated region is estimated to be between 0. 01 and 0. 03 inch (0. 03 to 
0. 08 cm) although no direct measurements were made. Thus, a large part of the flow 
remains single phase (liquid) in the central portion of the venturi under all conditions of 
cavitation studied. 

Typical cavity press ure and temperature distribution . - Within the cavitated regions, 
local pressures and temperatures are less than free-stream values of vapor pressure 


7 


in 



A.'*' 




t - 5 


i- or 


1* 5r 


2 . 0 <— 



x, in 


0 2 4 6 8 

Axial distance from minimum pressure location, x, cm 


Figure 5. - Typical pressure and temperature depressions 
within Covitated Freon-114 region. Nominal cavity length, 

1.6 inches (4. 1 cm}; free-stream velocity, 31. 1 feet per second 
(9. 5 m/sec); free-stream static pressure, 66.4 feet <20. 2 m) ; 
liquid temperature, 60. 7° F (289. 1° K). 


and temperature. Typical results for a 1. 6-inch (4. 1-cm) cavity are given in figure 5. 
Cavity pressure depressions are presented as a function of axial distance from the mini- 
mum pressure location. The measured pressure depressions (open symbols) are relative 
to free-stream vapor pressure. The measured temperature depressions (numbers along 
curve) were converted to the corresponding vapor -pressure depression (solid symbols) 
by using the vapor pressure-temperature curve obtainable from reference 12. The good 
agreement between the measured pressure depressions and the depressions based on 
locally measured temperatures indicates, that for the accuracy required for engineering 
purposes, the pressures and temperatures within the cavity are in thermodynamic equi- 
librium. 

The maximum measured pressure depressions occur near the leading edge of the 
cavitated region. The pressure and temperature depressions approach zero near the 
observed end of the cavitated region. Downstream from the collapse region, the liquid 
along the wall returns to the free-stream temperature. The absolute value of wall pres- 
sure downstream from the cavity increases and approaches the noncavitating value shown 
in figure 3 except for the energy losses due to mixing. 
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Cavitation similarity parameters . - The conventional cavitation parameter is usually 
expressed as 



2g 


( 1 ) 


The parameter K y for developed cavitation is derived from the assumption that 
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Figure 6. - Effect of free-stream liquid temperature on pressure and temperature depressions 
within cavitated Freon-114 region for cavity length of 1.6 inches (4. 1 cm). 
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Bernoulli’s equation for steady ideal flow applies between a free -stream location and the 
cavity surface and that the cavity surface is at a constant pressure equal to free-stream 
vapor pressure. A more general expression for the cavitation parameter would replace 
h y in equation (1) with h c , the actual pressure in the cavity. The pressure within the 
cavitated region of Freon- 114 is less than the free-stream vapor pressure and varies 
with axial distance as shown in figure 5 so that a selection of a reference cavity pressure is 
required. The minimum measured cavity pressure (corresponding to maximum cavity 
pressure depression) is used herein as well as in reference 6 to define a developed cavi- 
tation parameter. 
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(a) Nominal free-stream velocity, 22. 2 feet per second (6. 7 m/sec). 

Figure 7. - Effect of free-stream velocity on pressure and temperature depressions within cavi- 
tated Freon-114 region at several liquid temperatures for cavity length of 1. 6 inches (4. 1 cm). 
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The maximum cavity pressure depression was selected because, as shown in reference 6, 
a change in (^h y ) Triay results in a corresponding change in free -stream static pressure 
11 q. Therefore, the value of K c is nearly constant over a range of velocities and 
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Figure 8. - Effect of cavity length on pressure and temperatu re depres- 
sions within cavitated Freon-114 regions for free-stream liquid tem- 
perature of 60. 7° F (289. 1° K). 



temperatures, whereas K v (eq. (1)) varies considerably and is therefore less useful as a 
similarity parameter. 

Specific trends in cavity pressure depression. - The measured values of cavity pres- 
sure (and temperature) depressions for the 0. 7-scale venturi are shown in figures 6 to 8. 
The trends observed with variation in free-stream temperature, velocity, and cavity 
length are very similar to those obtained with the 1. 0-scale venturi. 



6 8 10 12 14 

Free-stream velocity, V Q , m/sec 

Figure 9. - Effects of free-stream velocity and liquid temper- 
ature on maximum pressure depression within cavitated 
Freon-114 region for cavity length of 1.6 inches (4. 1 cm). 


14 



The depression in cavity pressure (and temperature) over the full axial length of the 
cavity increases at higher temperature (fig. 6). A proportionally greater increase in 
cavity pressure depression is observed at the higher temperatures. 

Increasing the free-stream velocity by a factor of 2 results in nearly a twofold in- 
crease in the cavity pressure depression (fig. 7(b) as compared with fig. 7(a)). Similar 
trends occur for the five temperature levels shown. 



Figure 10. - Effects of free-stream velocity and 
liquid temperature on minimum pressure in 
cavitated Freon-114 region. Cavity length, 

0. 3 to 3. 0 inches (0. 8 to 7. 6 cm). 
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As the cavity length was increased, the cavity pressure (and temperature) depres- 
sions increased over the full axial length of the cavity, as shown in figure 8. 

The maximum pressure depressions, which are used to determine K . are sum- 

’ c, mm 

marized for 1. 6-inch (4. 1-cm) cavities over a range of velocities and temperatures in 
figure 9. The maximum measured pressure depressions increase almost directly with 
increasing velocity at constant temperature. The cavity pressure depressions increase 
continuously with increasing temperature at constant velocity. Similar results were ob- 
tained for the other cavity lengths. 

The cavitation parameter K c min , tabulated for all the data on figures 6 to 8, re- 
mains nearly constant. Although the data represent a range of velocities, temperatures, 
and cavity lengths, K c min varies in a random manner between 2. 36 and 2. 49. In con- 
trast, K v has noticeable trends with velocity, temperature, and cavity length. And it 
decreases with increasing temperature and increasing cavity length and increases with 
increasing velocity. 

The degree to which K c min is constant is shown graphically in figure 10, where 
the numerator of K c m ^ n is plotted as a function of its denominator. The line shown is 
for a K c min of 2 . 4.4 and the close agreement with the data indicates that this single 
value can be utilized to represent all the data. This value is independent of free -stream 
liquid temperature and velocity, and, for this venturi, it is independent of cavity length. 


Effect of Venturi Scale on Cavity Pressure Depressions 

A comparison of the cavity pressure depression effects for the 0. 7- and 1. 0-scale ven- 
turis is presented in figure 11, where the cavity pressure depression is plotted as a func- 
tion of the ratio of axial distance to free-stream diameter. The data are for a cavity 
length corresponding to a Ax/D of 1. 4 and are typical for all Ax/D-values studied. For 
a nominal velocity of 31 feet per second (9. 4 m/sec), the cavity pressure depressions are 
nearly the same for both models over the entire length of the cavity. The same trend is 
present for each of the three temperatures shown. 

The cavitation parameter K £ m ^ n is nearly constant for both venturis and indepen- 
dent of temperature. Although K v is constant for both venturis at each temperature, 

K y decreases with increasing temperature. 

For each temperature, the free-stream static pressure, hp (tabulated on fig. 11) is 
essentially independent of scale. Because lip and the pressures within the cavitated 
region are nearly the same for each temperature, the geometric flow conditions for the 
0. 7-scale venturi must be similar to those for the 1. 0-scale venturi for a fixed value of 
Ax/D. 
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0.7 

28.7 (271.4) 

30.2 (9.2) 

50.9 (15.5) 

2. 34 

2.46 

A 

1.0 

27.5 (270.8) 
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52.1 (15.9) 

2. 29 

2. 40 
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0.7 

60.7 (289.1) 

31.1 (9.5) 
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2. 09 

2. 39 

q 

1.0 

59.1 (288.3) 

31.8 (9.7) 

66.4 (20.2) 

2.04 

2.37 

o 

0.7 

79.9 (299.8) 

32.5 (9.9) 

81.8 (24.9) 

1.84 

2. 36 

Q 

1.0 

78.8 (299.2) 

31.7 (9.7) 

79.4 ( 24.2) 

1.84 

2. 38 


Open symbols denote measured pressure depressions 
Solid symbols denote vapor-pressure depression corresponding to 
measured temperature depression 


0 1 2 
Ratio of axial distance from minimum pressure 
location to free-stream diameter, x/D 

Figure 11. - Effect of venturi scale on pressure and temperature depressions within cavitated 
Freon-114 regions for nominal cavity length of 1.4 free-stream diameters. 


The effect of venturi scale on the maximum cavity pressure depression is presented 
in figure 12 where the maximum measured cavity pressure depression is shown as a 
function of free-stream velocity and liquid temperature. The nominal cavity length is 
1. 4 free-stream diameters. For the two scaled venturis, the maximum cavity pressure 
depression is essentially independent of scale for fixed Ax/D over the ranges of velocity 
and temperature tested. 
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Maximum cavity pressure depression, h v - h c min , m of Freon-114 





Analytical Considerations 


Heat balance . - The temperature depressions measured within a cavitated region are 
attributed to liquid cooling along the vapor -liquid interface because of the heat of vapor- 
ization drawn from a thin layer of adjacent liquid. IE the conditions within the cavity are 
in thermodynamic equilibrium (and there are no partial pressures of permanent gases), 
the cavity pressure should drop to the vapor pressure corresponding to the reduced local 
temperature. The vapor pressure depression is a function of the physical properties of 
the fluid, body geometry, velocity, and the heat and mass transfer mechanisms involved. 
The magnitude of the vapor pressure depression can be estimated by setting up a heat 
balance between the heat required for vaporization and the heat drawn from the surround- 
ing liquid. From this heat balance, it can be shown that a useful approximation of the 
vapor pressure depression is 


Ah y ^ J 



( 3 ) 


The derivation of the vapor pressure depression is given in reference 6. All the terms 
in equation (3) are fluid properties and are known except the vapor- to liquid-volume ratio 
if / ^ . In the experimental case the absolute value of volume ratio cannot be directly 
determined because if^ is only that volume of liquid actually involved in the vaporization 
process. Thus, ^ is only a fraction of the entire liquid stream. However, Ah v can 
be expressed as a function of if^J if^ for any liquid whose fluid properties are known, and 
this is done for Freon- 114 and liquid nitrogen in figure 13. (This figure is repeated from 
ref. 6. ) With figure 13, useful predictions are possible by obtaining a reference value of 
from measured cavity pressure depressions for one model scale, liquid, temper- 
ature, and velocity and then estimating relative values of for other liquids, tem- 

peratures, velocities, and model scales. With these latter values of if f ^ , the values 
of Ah v at the conditions of interest can be determined. A method for estimating values 
of from a known reference value is developed in the following section. 

Geometric scale effects on v olume ratio . - The vapor volume is assumed to be pro- 
portional to the product of cavity length, model diameter, and average cavity thickness 
(^ v ~ AxD6 v ). Liquid volume is assumed proportional to the product of cavity length, 
model diameter, and the average thickness of the liquid element supplying the heat for 
vaporization^ ~ AxD6^). In a given model the vapor- to liquid -volume ratio 
is therefore proportional to 6 / 6^ . Thus, the volume ratio for the scale model can be 
expressed as, 
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14 1 — 


Freon -114 



Figure 13. - Vapor pressure depression as function of amount of liquid vapor- 
ized for several temperatures for Freon-114 and liquid nitrogen. 



The following analyses for determination of the volume ratio for a scaled model 
relative to that for a full-size model will be made on the basis of the same scaled cavity 
length; that is, Ax/D is the same for both models. As previously discussed, a scaled 
cavity length provides geometrically similar flow conditions in both venturis. Thus, the 
cavity thickness and cavity length will vary directly with scale factor, that is, 




and 


Ax 


AXj 



(4) 
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Various theoretical analyses have shown that the liquid layer thickness is proportional to 
the product of thermal diffusivity and vaporization to some power, ~ (ar)^] , where 
0 < z < 1. The exponent z depends on the heat -transfer process involved. In a previous 

i 

| investigation (ref. 6), it was shown that the exponent z, determined experimentally, was 

j not the same for a and r; therefore the exponent for a and for t will be separately 

evaluated. With t proportional to Ax/Vq, 6^ is proportional to Q! m (Ax/VQ) n . The 
volume ratio for the scaled model can thus be expressed as 



Expressing the cavity thickness ratio and the cavity length ratio in terms of the diameter 
ratio (eq. (4)), the volume ratio becomes 



Experimental Freon- 114 data from both the 0. 7- and 1. 0-scale venturis are used to 
evaluate the exponents m and n in equation (5). Cavity pressure depression data are 
available for conditions in which only a was varied, while Vq and D were held con- 
stant. From these data and the theoretical relation between Ah y and (fig. 13), 

| the exponent m on the a -ratio term can be determined. In a similar manner in which 

Vq is the only variable, the exponent n can be determined. The exponent for the diam- 
[ eter ratio term presently comes via theory from the exponent n of the velocity ratio 

> term. Thus, cavitation studies which use other scale factors are needed to further sub- 

j| stantiate the exponent for the diameter ratio. The experimentally determined exponents 

ji 

ij were m = 0. 5 and n = 0. 85. These values are the same as those reported in refer- 

<♦ ence 6. Rewriting equation (5) with the appropriate exponents results in 



j; From a measured value of Ah y in a model of given scale, the volume ratio 

; can be determined from figure 13 (or equation (3)). Equation (6) can then be used to de- 

|' 

i 

! 
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termine ('f' v /'^) g for the liquid, temperature, velocity, and scale of interest. With the 
new value of (l , figure 13 can be used to predict the corresponding value of Ah . 
For the present, equation (6), with the experimentally determined exponents, is offered 
as the best approach toward generalizing results for different scaled venturis, different 
liquids and liquid temperatures, and various velocities. 


Comparison of Experimental Results with Analysis 

A comparison of the experimental data and predicted results for a nominal cavity 
length of 1. 4 diameters is presented in table I. The first line of table I lists the arbitrar- 
ily selected test values used as the reference values from which all other tabulated values 
of Ah y are predicted. The measured Ah y selected was 8. 5 feet (2.6 m) for 79.9° F 
(299. 8° K) Freon- 114 at a velocity of 32. 5 feet per second (9. 9 m/sec) in the 0. 7-scale 
venturi (fig. 6). The corresponding 7^./ 7^ is 4.6 (from fig. 13). By the use of equa- 
tion (6) and figure 13, the predicted values of Ah y of table I were obtained. The Freon- 
114 and liquid-nitrogen data for the 1. 0-scale venturi is from reference 6. 


TABLE I. - COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS 
FOR A CAVITY LENGTH OF 1. 4 FREE -STREAM DIAMETERS 


Liquid 

Venturi 

scale 

Liquid 

temperature 

Free -stream 
velocity, 

v o 

Vapor pressure depre 
Ah v 

jssion, 

icted 

Vapor - to 
liquid- volume 
ratio 

°F 

°K 

ft/ sec 

m/ sec 

Experimental 

Pred 

ft of 
liquid 

m of 
liquid 

ft of 
liquid 

m of 
liquid 

Freon-114 

0.7 

79.9 

299.8 

32.5 

9.9 

8. 5 

2.6 

— 

— 

4. 6 



80.1 

299.9 

44.5 

13.6 

10.8 

3.3 

10.6 

3.2 

6. 1 



1.3 

256. 1 

44.0 

13.4 

.8 

.2 

.8 

.2 

5.3 



18.9 

265.9 

22. 1 

6.7 

.9 

.3 

.9 

.3 

3.0 



39.4 

277. 3 

31.1 

9.5 

2.6 

.8 

2.5 

.8 

4.2 

Freon-114 a 

1.0 

78.8 

299.2 

31.7 

9.7 

8.5 

2.6 

8.6 

2.6 

' 

4.7 



59.1 

288.3 

31.7 

9.7 

5. 1 

1.6 

4.9 

1.5 

4.6 



78.4 

299.0 

44.2 

13.5 

10.2 

3. 1 

10.6 

3.2 

6.2 

Nitrogen a 

1.0 

-320 

77.6 

20.1 

6. 1 

4.8 

1.5 

5.6 

1. 7 

2.2 



-320 

77.6 

25.1 

7.7 

6.3 

1.9 

6.6 

2.0 

2.6 


a Data from ref. 6. 
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Good agreement between experimental data and predicted results was observed for 
all conditions listed in table I. The extended simple theoretical analysis, with the exper- 
imentally derived exponents, are useful in predicting cavity pressure depressions for 
other scaled venturis and liquids, if measured cavity pressure depression data are avail- 
able for at least one liquid flowing through a geometrically scaled venturi. 


Prediction of Free-Stream Static Pressure 


As previously presented, K c m ^ n for similar cavitation in both the 0. 7- and 1. 0- 
scale venturis was approximately the same value (fig. 11). Taking a constant K c m ^ n 
value of 2. 44 and using figure 13 to predict trends in cavity pressure depressions, free- 
stream static pressure h Q can be estimated for different model scales, liquids, temper- 
atures, and velocities. This is demonstrated by an example. Equation (2a) can be re- 
arranged so that, 


h 0 = — (K 

U 2g c 


i> + h v - < h v - h c,min) 


(2b) 


With the experimental reference data previously used (table I, line 1), h^ will 
be estimated for -320° F (77. 6° K) nitrogen at a Vq of 20. 1 feet per second (6. 1 m/sec) 
in the 1. 0 scale venturi. From equation (6) and figure 13 the predicted Ah v was 5. 6 feet 
(1. 7 m) for this condition (table I, line 9). The value of h v is 44. 2 feet (13. 5 m). 
Therefore, for -320° F (77. 6° K) liquid nitrogen at a Vq of 20. 1 feet per second (6. 1 
m/sec) in the 1. 0 scale venturi, the predicted h q (eq. (2b)) is 53.9 feet (16. 4 m)of liquid. 
The measured value of hQ was 54. 3 feet (16. 6 m) of liquid (ref. 6). 


CONCLUDING REMARKS 

The method of reference 6 for predicting thermodynamic effects of cavitation in ven- 
turis changes in speed, temperature, or liquid was successfully applied to the prediction 
of pump cavitation performance in reference 2. The method of reference 6 was extended 
herein to include the effect of scale on the thermodynamic effects of cavitation. It appears 
likely that this extended prediction method will also be valid for the prediction of pump 
cavitation performance. 

By assuming that the prediction method determined from venturi studies is valid for 
pumps and inducers, it appears possible to estimate the cavitation performance of full- 
scale pumps from studies using either geometrically scaled pumps, reduced speeds, or 
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inexpensive liquids which exhibit thermodynamic effects of cavitation. Any of these 
methods, or a combination of all three, can mean cost and time reductions in development 
of large propellant pumps. With experimental reference values obtained in scaled pumps, 
at reduced speed, or with other liquids, the prediction method can be used to determine the 
cavitation performance of the full-size pump over a range of operating conditions. How- 
ever, systematic pump scaling studies are needed to further substantiate these conclu- 
sions. 


SUMMARY OF RESULTS 

Pressure and temperature measurements within well -developed cavitated regions 
were made of Freon- 114 flowing through a 0. 7-scale venturi. These results are com- 
pared with previously reported results fora 1. 0-scale venturi and with theoretical anal- 
yses to yield the following principal results: 

1. Cavity pressure and temperature depressions for the 0. 7-scale venturi were nearly 
equal to those for the 1. 0-scale model for the same free-stream velocity, liquid temper- 
ature, and scaled cavity length (same ratio of cavity length to venturi diameter). 

2. An available method for predicting the thermodynamic effects of cavitation was 
extended to account for venturi scale in addition to previous predictable effects of veloc- 
ity, liquid, and liquid temperature on cavity pressure depressions. This prediction 
method depends on knowing one measured reference value. 

3. Similarity parameters for developed cavitation were evaluated. For the geomet- 
rically scaled venturis, a nearly single value was obtained for the cavitation parameter 
that used the minimum measured cavity pressure as reference. This minimum cavity 
pressure varied because of the thermodynamic effects of cavitation. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, October 5, 1967, 

128-31-06-28-22. 
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APPENDIX 


SYMBOLS 

c £ specific heat of liquid, Btu/ (lb mass)(°F), (j/(kg)(°K)) 

o 

Cp noncavitating pressure coefficient, (h x - hg)/ (V^/ 2g) 

D free-stream diameter (approach section), in. (cm) 

p p 

g acceleration due to gravity, 32. 2 ft/ sec (9. 8 m/ sec ) 

h pressure in cavitated region, ft of liquid abs (m of liquid abs) 

h y vapor pressure corresponding to free-stream liquid temperature, ft of liquid 

abs (m of liquid abs) 

Ah y decrease in vapor pressure corresponding to decrease in temperature, ft of 

liquid (m of liquid) 

h static pressure at x, ft of liquid abs (m of liquid abs) 

X 

hQ free-stream static pressure (approach section, fig. 1), ft of liquid abs (m of 

liquid abs) 

J mechanical equivalent of heat, 778 (ft)-(lb force)/Btu 

K developed cavitation parameter based on minimum cavity pressure, 

c« mm n 

< h 0- h c,min VOtylg) 

K y developed cavitation parameter based on free-stream vapor pressure, 

(h 0 - h v )/(vj/2g) 

k thermal conductivity of saturated liquid, (Btu)/ (hr)(ft)(°F), 

(J/(m)(sec)(°K)) 

L latent heat of vaporization, Btu/lb mass (J/kg) 

T free-stream liquid temperature, °F (°K) 

Vq free-stream velocity (approach section, fig. 1), ft/sec (m/sec) 

V'/ volume of saturated liquid, cu ft (cu m) 

*¥ volume of saturated vapor, cu ft (cu m) 

X axial distance from venturi inlet (see fig. 1), in. (cm) 

x axial distance from minimum noncavitating pressure location, in. (cm) 

Ax length of cavitated region, in. (cm) 

a thermal diffusivity, k/p^c^, sq ft/hr (sq m/sec) 
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6^ thickness of liquid element, in. (cm) 

6 y thickness of vapor cavity, in. (cm) 

saturated liquid density, lb mass/cu ft (kg/cu m) 
p v saturated vapor density, lb mass/cu ft (kg/cu m) 

Subscripts: 

f full size or reference model 

s scale model 

min minimum 

max maximum 
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